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The chronic response of animals to hypoxia is mediated by the αβ-heterodimeric hypoxia-
inducible transcription factors (-HIFs) which upregulate the expression of sets of genes that 
work to ameliorate the effects of limiting dioxygen. The HIF prolyl hydroxylase domain enzymes 
(PHDs) are Fe(II) and 2-oxoglutarate dependent oxygenases that act as hypoxia sensing 
components of the HIF system: prolyl-hydroxylation signals for dioxgen availability dependent 
HIF-α degradation via the ubiquitin proteasome system. The unusual kinetic properties of the 
PHDs, in particular a high Km for dioxygen and slow reaction with dioxygen are proposed to enable 
their hypoxia sensing role. An understanding of how dioxygen is delivered to, and binds at, the 
active site of the PHDs is important for the development of a chemical understanding of the 
hypoxic response. We employed a combined multiscale approach involving classical atomistic 
equilibrium and non-equilibrium MD simulations combined with QM/MM trajectories to 
investigate dioxygen diffusion to, and binding at, the active site in the PHD2.Fe(II).2OG.HIF 
substrate complex; PHD2 is the most important of the three human PHDs. The transport of 
dioxygen to the active site is described; dioxygen transport follows a single well-defined 
hydrophobic tunnel, formed from both enzyme and substrate elements to reach the PHD2 active 
site. The results provide estimates for rate constants that define a diffusion-reaction model for 
dioxygen:PHD2 interactions; in combination with reported biophysical analyses they provide 
chemical insight into the basis of the slow reaction of PHD2 with dioxygen. They imply that the 
reversible binding of dioxygen is central to the hypoxia sensing capacity of the PHDs and that 
different PHD HIF-α substrate combinations might have different dioxygen sensitivity profiles. 
The extent of HIF-α substrate prolyl hydroxylation, which signals for subsequent HIF-α 
degradation is thus a manifestation of the equilibrium between dioxygen in bulk solution and 






The chronic response of animals, including humans, to hypoxia is substantially mediated by the 
-heterodimeric hypoxia-inducible transcription factors (-HIFs), which upregulate the 
expression of a set of genes that work, in a context dependent manner, to ameliorate the effects 
of limiting molecular oxygen (dioxygen) availability at cellular, tissue and whole organism 
levels.1-2 The key process by which the HIF system senses hypoxia  involves trans-4-prolyl-
hydroxylation of HIF-α subunits, of which there are three isoforms in humans (HIF1-3), with 
HIF-1α  and HIF-2α  being extensively studied.1-2 HIF-1α and HIF-2α hydroxylation occurs at 
two sites in an oxygen dependent degradation domain (ODD), i.e. the N-terminal ODD (NODD) 
and the C-terminal ODD (CODD). Human HIF-α hydroxylation is catalyzed by prolyl 
hydroxylase domain enzymes 1 to 3 (PHD1-3)3-4 of which PHD2 is most conserved in animals 
and likely the most important PHD. 1-2, 5 Prolyl-hydroxylation signals for HIF-α degradation via 
the ubiquitin proteasome system. The PHDs are Fe(II) and 2-oxoglutarate dependent oxygenases. 
When cellular dioxygen levels become limiting, PHD catalysis slows, HIF-α degradation slows, 
and HIF-α levels rise; HIF-α can then translocate to the nucleus and it can dimerize with HIF- 
and promote the transcription of HIF target genes.5 
Despite their central sensing role in the hypoxic response, the underlying kinetic basis of the 
dioxygen-sensing function of the PHDs remains unclear. Given their sensing role, hydroxylation 
of HIF-α by the PHDs must be limited by dioxygen availability. However, little is known about 
the pathway or pathways that dioxygen might take to access the PHD active site. By contrast 
with some other 2-oxoglutarate oxygenases, experiments have demonstrated a high Km for the 
PHDs6-7 and that the reaction of a complex of PHD2, Fe(II), 2-oxoglutarate (2OG) and the C-
terminal oxygen dependent degradation domain (COOD) of HIF-α with dioxygen to form 
hydroxylated COOD and succinate is substantially slower (100-fold) than for other 
characterized 2OG oxygenases.8  
The catalytic domain of PHD2 has been crystallized in several different forms, including without 
HIF- substrate and in complex with Mn(II) (as a Fe(II) surrogate), its co-substrate 2OG (or N-
oxalylglycine a close 2OG analogue), and the NODD and CODD sequences of its HIF-1 
substrate  (Figure 1.A).
9-12 PHD2 has a distorted double-stranded β-helix (DSBH) core fold, 




structural motif acts as a scaffold for the active site and surrounding loops, including the 
dynamic β2β3 loop and C-terminal region.11-12 The β2β3 loop is important in substrate binding, 
which involves substantial conformational changes in the PHDs and which has been proposed to 
be involved in entry of dioxygen into the active site.12  
As is the case with the PHDs, the Fe(II) centre in 2OG dependent hydroxylases is normally, but 
not always, coordinated by the side chains of three protein ligands, the His2-(Glu⁄Asp) triad (His-
313, Asp-315 and His-374 in PHD2).13-14 In the consensus ordered sequential mechanism of the 
2OG oxygenases, 2OG binding is followed by that of substrate, and then dioxygen  (Figure 1).15 
Substrate binding adjacent to the Fe(II) center is proposed to weaken binding of a coordinated 
water (often, but not always, observed by crystallography in enzyme.Fe(II).2OG.substrate 
complexes in the absence of dioxygen), thus enabling the ligation of dioxygen to Fe(II). In the 
case of PHD2, the Fe-ligating water appears to be particularly tightly bound.  The reaction of 
dioxygen with Fe(II) comprises reduction of dioxygen concomitant with oxidation of Fe(II) to 
Fe(III) to give a metal associated superoxide species. Oxidative decarboxylation of 2OG gives 
carbon dioxide and a succinyl peroxide intermediate (at least in some cases15), which rearranges 
to give a reactive Fe(IV)=O species which is responsible for (prolyl) hydroxylation.8 
Crystallographic analyses have suggested that during binding of a HIF- ODD to PHD2, 
substantial conformational changes occur and that the PHD2.Fe(II).2OG. HIF- complex likely 
has an unusually narrow entrance to its active site.9-12 However, these factors alone are unlikely 
to be the cause of the slow reaction of PHD2 with dioxygen. It has been proposed that the rate 
limiting / unusually slow reaction of PHD2 with dioxygen reflects a need for dioxygen to 
displace the (unusually) tightly Fe(II)-coordinated water which is stabilized by hydrogen 






Figure 1. The catalytic domain of the hypoxia sensing prolyl hydroxylase PHD2. (A) 
Crystallographically derived view of PHD2 in complex with Fe(II), 2oxoglutarate (2OG) and the 
HIF-1α C-terminal oxygen dependent degradation domain (CODD). The view was derived from 
PDB id 3HQR.10The entrance to the dioxygen diffusion path identified in this study is indicated 
by an arrow. The inset shows an enlarged representation of the PHD2 active site. The Fe(II) is 
shown as a green sphere and the residues that are part of the 2His-1carboxylate HXD...H triad 
are represented by the thicker lines. The HIF-1α substrate is shown as a green ribbon with 
residue P564 (which is hydroxylated) highlighted. (B) Schematic outline of the studied diffusion-
reaction model for PHD2. 
In this context of gas diffusion, diffusion pathways in non-heme and heme-dependent proteins, 
including deoxyhaemoglobin,16 myoglobin,17 FeFe hydrogenases,18-19 globins,20 and [Fe]-
hydrogenase,21 amongst others, have been studied using a variety of computational techniques, 
including locally enhanced sampling (LES),20, 22-25 umbrella sampling,25 and steered MD 
simulations.26-27 In particular, migration of hydrogen, dioxygen, and carbon monoxide gases has 
been extensively studied in [NiFe]-hydrogenases,19, 26, 28-30 with the results of Xe absorption 
studies being used to probe gas binding sites.29, 31 The question of whether a single channel or 
multiple channels connects the enzyme active site with bulk solution has been considered.22, 25 
On the basis of previous work, identified dioxygen diffusion pathways have been  proposed to 
share several common characteristics. In some cases, multiple pathways are proposed to 
converge to a predominantly hydrophobic  main tunnel 32 which can accommodate clusters of 
gas molecules.25, 33, 22 Compared to carbon monoxide, dioxygen diffusion has been reported to 
sample a greater volume of the same protein.29  
Our microscopic understanding of gas transport in oxygenases will be strengthened by 
computing diffusion rates and describing the pathways available to the gas to reach the catalytic 
center.19, 26 Kinetic experiments typically yield an overall rate for ligand binding, but they 




or the coupling of the ligand in the active site that determines the rate of the process. An 
understanding of how dioxygen is delivered to and binds at the active site of the 2OG dependent  
HIF hydroxylases is important for the development of a chemical understanding of the roles of 
individual enzymes in the hypoxic response under different conditions, in particular different 
dioxygen concentrations. 
Classical molecular dynamics is a widely used computational technique that complements the 
knowledge gained from experimental structures providing dynamical information. The timescale 
accessible by MD simulations has rapidly increased in recent years, and some mechanistic and 
functional properties can now be estimated directly from MD trajectories.30, 34 Nevertheless, 
force-field based MD methods alone are not sufficiently accurate in describing chemical binding 
to an active site especially if an active site involves a transition metal cluster with a complicated 
electronic structure. Classical MD simulation can only give a partial picture of the ligand binding 
process. We therefore adopted a general multiscale molecular simulation approach for the 
calculation of diffusion rates and determination of pathways by which dissolved dioxygen can 
reach the PHD2 active site. The method is not specific to this system and should be more 
generally applicable to the transport of small molecules in proteins.29 A model, termed the 
diffusion-reaction model27 as illustrated in Scheme (1), was adopted to describe the diffusion of 
dioxygen into PHD2: 
 
 
This is a kinetic two-step model consisting of an initial step where the dioxygen diffuses 
followed by a metal-dioxygen molecule ligation (chemical reaction) step.29-30 Within this 
framework, let us consider the binding of a dioxygen molecule to the PHD2.Fe(II).2OG.substrate 
active site, bound state B, via an intermediate state G, as illustrated in Scheme 2: 
 
 
The mechanism can be further described as: 
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Scheme (1) 













Scheme 3 illustrates a two-step diffusion process of the form: S to E to G to B. In the first step, 
dioxygen diffuses from the solvent (S) into the enzyme (E) inner-matrix. In the second step, 
dioxygen diffuses from the E state into the active site pocket, termed the geminate (G) state. In 
the G state, dioxygen is free to diffuse into the metal active site but it is not actually ligated to 
Fe(II). In the last step, dioxygen chemically binds to the metal center. It has postulated 
displacement of  the water coordinating the iron center in the PHD2.Fe.2OG.substrate complex 
limits the rate of dioxygen binding.35 The reaction of dioxygen with Fe(II) involves reduction of 
dioxygen to give a superoxide with concomitant oxidation of Fe(II) to Fe(III), resulting in the 
radical bound state (B) which likely reacts rapidly with 2OG.  
To investigate the binding of dioxygen to PHD2, we employed a general multiscale molecular 
simulation approach to calculate the diffusion rates and examine the pathways by which 
dissolved dioxygen reaches the active site of the catalytic domain of the 
PHD2.Fe(II).2OG.substrate complex. The rate constants for the diffusive transitions between 
solvent and protein cavities and between the protein cavities to the different clusters were 
obtained from equilibrium and non-equilibrium MD simulations and the rate constants (k+2 and 
k–2) were obtained from density functional theory (DFT) calculations. The results provide insight 
into the chemical basis of unusually slow reaction of PHD2 with dioxygen and provide new 
mechanistic detail; they support the proposal that the reversible binding of dioxygen to the PHD 
proteins enables their hypoxia sensing capability. 
Materials and Methods 
The initial configuration of the catalytic domain of the PHD2.Fe(II).2OG.HIF-1α CODD 
fragment complex was taken from the crystal structure PDB id: 3HQR (PHD2 residues 186-
421).10 In the crystalline state, Mn(II) was substituted for Fe(II) and 2OG was substituted for N-
oxalylglycine (NOG) to give a stable complex; the Mn(II) was replaced with Fe(II) and NOG 
was substituted for 2OG and the complex was solvated using the solvate plugin from VMD. The 
results predict that in solution, the overall structure of the PHD2.Fe(II).2OG.CODD complex 
(hereafter PHD2, except where specified) is similar to that observed for the analogous crystal 
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structure.10 Then, 200 randomly chosen water molecules were replaced by dioxygen, which 
represents a concentration of 600 mM. A relatively high concentration of dioxygen was chosen 
to obtain improved statistics for simulation of its diffusion process into PHD2. Interactions 
between gas molecules were assumed to have a negligible effect on the dynamics of gas 
diffusion. The protein was stable over the course of the simulation as reflected by the backbone 
root mean square deviation. Calculations were performed using NAMD 2.9,36 employing the 
CHARMM force-field37 for the protein together with the TIP3P water model.38 Molecular 
oxygen and Fe(II) Lennard Jones parameters were taken from CHARMM.21, 31 After 500 steps of 
conjugate-gradient minimization with restraints on the protein, and 50 ps of simulation with 
backbone restraints, a 300 ns production run in the NPT ensemble was carried out. 
The rate constant for transport of dioxygen from the bulk solvent (S) to the first inner-enzyme 
state (E) was estimated from unbiased MD simulations. The rate constant for the second 
transition (E) to (G), kGE, was obtained from constant-force steered molecular dynamics (SMD) 
simulations using NAMD 2.9.36 A single dioxygen molecule was used to sample the E to G 
transition in five independent sets of simulations. Forces of 140, 150, 160, 180, 200 kJ·mol-1·nm-
1were applied to bias the trajectory of the dioxygen molecule along the pulling coordinate which 
corresponds to the vector connecting the center of mass (COM) of the dioxygen molecule and 
the Fe(II) ion. The time required for the transition between the two states was averaged over up 
to 100 trajectories with initial velocities drawn from a Boltzmann distribution at 300 K to yield 
the mean first passage time (MFPT), , where F is the pulling force. The MFPT was 
extrapolated to zero force using a regression fit onto the Dudko-Hummer-Szabo (DHS) rate 
model for pulling. At a force F along the pulling coordinate and over a free-energy barrier G‡; 
the parameter ν describes two underlying free-energy surfaces (FES), a harmonic well FES with 
ν = ½  and a linear-polynomial FES DHS expression with ν = ⅔ that features a cusp-like 
barrier.39 This predicts a relationship between the rate constant of diffusion and the pulling force 
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Where MFPTs were unavailable, they were extracted from an estimate from transition state 
theory (TST) using knowledge of the free energy barriers (Equation 3), and by extension, the 





The Adaptive Biasing Force (ABF) method40 as implemented in NAMD 2.936 was used with the 
distance between Fe(II) and the center of mass of a dioxygen molecule as the collective variable 
(ξ) to gain insight into the diffusion of dioxygen between the E and G states in PHD2. The range 
of ξ was chosen from 3 to 10 Å, in bins of 0.25 Å widths. The potential of mean force (PMF) 
was reconstructed by numerical integration of the re-assembled free-energy gradient dG/dξ. 
Error analysis of the PMF was calculated using the Rodriguez-Gomez-Darve-Pohorille method 
41-42 (see Supplementary Material).  
To obtain an approximate estimate of the diffusion rate, k+1, the individual rate constants for 
diffusive sub-steps were combined into a toy Markov chain. The states input into the Markov 
chain were obtained by clustering dioxygen densities from the equilibrium MD trajectories. All 
dioxygen molecules inside the protein complex were assigned to states, with a single state 
corresponding to dioxygen molecules in the solvent, defined as regions with zero density of 
protein atoms. The E state corresponds to the initial site of density for dioxygen in the inner-
protein space, and the G state corresponds to the likely binding site of dioxygen  to the Fe(II) 
center in the active site pocket, immediately prior to the ‘chemical reaction’. 
A diffusion equation was employed to extract an estimate for k+1 from the equilibrium MD 
simulation statistics based on a simplified Markov chain estimate of the probability of residing in 
state i:43  
 
Equation (5) 
tG¬E (F) =1/ kG¬E (F)
DG‡ = b-1 ln b-1t ji h( )
DG = -b-1 ln k ij k ji( ) = -b-1 ln tij t ji( )
 






A three site Markov chain was built for the (S) to (E) to (G) transition. The rate constants k+1
 , k-
1,  were obtained by a least-squares fit of the probability of occupying the active site geminate 
state G, pG(t) (Equation 6) onto the phenomenological Equation 7. This is considered a valid 
approach for an assumed pseudo-first order kinetic regime at constant dioxygen concentrations.  




The TST estimated rate constant k+2 was obtained from QM/MM simulations describing the 
association of dioxygen to the active site Fe(II). Using the individual rate constants k+1, k-1, and 
k+2, the steady-state kinetics of the binding of dioxygen with the protein was approximated 
(Equation 8). It was assumed that (i) at the saturation limit and (ii) upon dioxygen binding to 
Fe(II) in the bound state B, limited recrossing occurs, such that the unbinding rate k−2 is smaller 
than k+2 (k+2 >> k-2). This would hold true for PHD2 turnover of dioxygen that has entered into 







In order to estimate k+2, the ligation of dioxygen to high spin Fe(II) was simulated using ab initio 
QM/MM metadynamics,44 as implemented in the DFT CP2K-QuickStep code45-46 using 
Gaussian plane waves. The collective variable considered (ξa) was the same as for MD 
simulations with ABF, that is, the center-of-mass distance of dioxygen to Fe(II). The bias along ξ 
was added in the form of a Gaussian function and the potential of mean force was reconstructed 
as the integral over all the Gaussian functions added. 
Results and Discussion 
The diffusion of dioxygen into the PHD2 active site was observed to proceed via a single pathway 
as described in Figure 2A. Entry to the PHD2 active site occurs through a gate of width and height 
8.0 Å that leads to a predominantly hydrophobic tunnel. A number of residues contribute in 
pG t( ) = aexp l1t( )+bexp l2t( )+ gexp l3t( )
pG t( ) =
k +1 O2[ ]
k +1 O2[ ]+ k -1




delineating the path and rate of dioxygen entry into the PHD2 active site through the tunnel, 
including PHD2 Q239, I256 and W258. Notably, the substrate also contributes to the tunnel 
including HIF-1 P564, Y565 and I566 residues. The fraction of dioxygen within the protein 
matrix was calculated as a percentage of the total 200 dioxygen molecules within a distance of 3.5 
Å of the protein surface. On average, 12-16 water molecules were observed to populate the 
hydrophobic tunnel. On average only a single dioxygen molecule transition inside the hydrophobic 
tunnel, with a second dioxygen molecule residing at the entrance of the tunnel was consistently 
being observed, apparently poised for entry. The shape of the tunnel is illustrated in Figure 2.A. 
At the steady-state, 10-15% of dioxygen molecules reside on the surface of the PHD2.substrate 
complex (Figure 2.B).  Dioxygen was observed to occupy the E state with an average 102 ns 
residence time within a distance of 8.0-9.0 Å from the metal center (Figure 2C). Dioxygen 
distributions were calculated using a 15 and 25 Å cut-offs and iso-contour surfaces of the dioxygen 
probability were obtained by discretizing the probability of finding any of the total 200 dioxygen 
molecules throughout a 300 ns trajectory. Contour calculations were done with the VMD Volmap 
feature.47 Discretization of dioxygen states by iso-contour densities yielded 3, 9, and 19 states, 
respectively (See Supplementary Material). A single reactive trajectory was observed for PHD2, 
which was observed to be a transition between states S to E to G to B; of these only the S to E 
transition was detected in the classical MD simulation timescale. The E to G transition was 
simulated by SMD and the transition from G to B with QM/MM metadynamics. 




Figure 2. Results of unbiased MD simulations of dioxygen flooding into the PHD2.Fe(II).2OG.substrate 
(PHD2) complex active site. (A) Iso-density for the resulting dioxygen locations is in red; the productive 
pathway from S to E to G is indicated. Note that the dioxygen binding path is bordered by elements from 
both the enzyme and the substrate. (B) Percentage of dioxygen molecules within 3.5 Å of the protein 





To obtain estimates of mean first passage times (MFPT) for the transfer of dioxygen from state E 
to state G, five independent SMD simulations were run. The MFPT is the average time it takes 
for a gas molecule in state j to make a transition to state i. In order to obtain an MFPT converged 
estimate, each force set required up to 100 independent trajectories. Each trajectory was 
extended up to 10 ns. Only trajectories where the transfer was successful in bringing dioxygen 
within 5.0 Å of the metal center were considered. A regression of the SMD MFPT data fitted this 
data onto the logarithmic form of the Dudko-Hummer-Szabo (DHS) expression (Equation 5). 
This yielded MFPTs at zero pull force of 50 ns and 27 ns for the harmonic and linear polynomial 
models. From transition state theory, the SMD MFPT values translate to a ΔGEG of 2.4-2.5 kcal 
mol-1 for the harmonic-well FES and the linear-polynomial FES, respectively (Table 2). The free 
energy barrier for dioxygen crossing was estimated from regression fit of the SMD MFPT data in 
the DHS expression, to give 5.0-7.0 kcal mol-1 for the forward direction (entry into PHD2 state 
G), and 2.4-2.9 kcalmol-1 for the reverse direction (exit from PHD2 state G). Importantly, these 
barrier heights illustrate that dioxygen entry into the active site is rate-limiting (compared to 
dioxygen exit). The extrapolated MFPT at zero force values, ranged from 27 to 50 ns, and it 
provides a bounded estimate of the residence time of dioxygen in the E state prior to transition 
into the G state. 
Adaptive Biasing Force (ABF) simulations of dioxygen diffusion were employed in order to 
compare the E to G transition from SMD. The outputs from the ABF simulations reveal a 
transition pathway barrier of 2 kcal mol-1 between the E state, located 8.8 Å from the metal ion, 
to the G state, which is located 4.4 Å from the metal ion (Figure 3.A). This is in agreement with 
the SMD pulling distance histograms where the average O2-Fe(II) arrival distance is 4.05-4.17 Å, 
with the conformation depicted in Figure 3B. An error analysis was performed using a bin of 
width 0.25 Å consisting of a correlated time-series of 175,000 force samples. The statistical 
variance of the instantaneous force time series value was 78 N, and the result of applying the 
Flyvbjerg-Petersen block renormalization algorithm to estimate the variance of the average force 
was found to be 0.01 N. The correlation length was calculated to be τ=0.38; σ(ΔG) = 0.003 kcal 
mol-1 in the bin corresponding to ξ=8.75 Å. Subsequently, this error analysis was propagated 




The cosubstrate 2-oxoglutarate (2OG) coordinates the metal ion in a bidentate mode in PHD2 as 
shown in Figure 1. Although our work principally focuses on the passage of dioxygen to the 
PHD2 active site rather than its chemical mechanism, in our simulations, it is notable that upon 
arrival of dioxygen to the G state, 2OG alternates between a bidentate and a monodentate 
coordination (Figure 3B, D). Comparison between the bidentate and monodentate configurations 
suggests that this change in complexation corresponds to a lower-energy monodentate state; the 
bidentate to monodentate energy difference is G = +0.6 kcal mol-1. A monodentate state has 
been suggested as an intermediate step in the catalytic cycles of some 2OG oxygenases.10, 48-49 In 
2OG complexed crystal structures, the coordination position of the 2OG C-1 carboxylate has 
been observed to adopt two geometries, either being trans to His-313 or trans to His-374 (using 
PHD2 numbering).9-10 The latter has been observed in PHD2 structures (as in Figure 3B)10, 
creating a mechanistic problem, i.e. that there is not a vacant coordination position for dioxygen 
to bind adjacent to the substrate at the active site.10 This could be solved by a rearrangement 
subsequent to dioxygen reaction with the Fe(II),50 or as implied by our work on PHD2, by a 
change in complexation prior to dioxygen reaction with the active site metal ion. 
The incorporation of an oxygen atom from atmospheric dioxygen into an organic substrate as 
occurs during PHD catalysis requires the reaction of triplet spin state dioxygen with a singlet 
spin state organic substrate. Although such reactions are thermodynamically favorable, they are 
kinetically slow because of the spin mismatch.51 To overcome the kinetic barrier for 
incorporating an oxygen atom into its HIF- substrate, PHD2, like most other 2OG dependent 
family oxygenases, uses mononuclear non-heme ferrous iron and 2OG.9 Starting from a 
conformation from the converged ABF simulation of the E to G transition, where dioxygen is 
located in the G state ( = 4.3 Å), an ab initio (QM/MM) metadynamics simulation was 
performed to estimate the free energy for the reaction of dioxygen and Fe(II) to give an Fe(III) 
superoxide complex or state B. The calculation started with 2OG complexed to Fe(II) via both its 
C-1 carboxylate and ketone oxygen atoms, as observed in the PHD2 crystal structures and those 



















Figure 3. Binding of dioxygen to the active site metal center. (A) Dioxygen diffusion potential 
of mean force (PMF) as calculated with ABF simulations for dioxygen entry into the G state with 
the collective variable () set as the distance between the center of mass of dioxygen and the 
metal center. (B) Representative conformation of the active site as taken at  = 8.75 Å, in which 
dioxygen is located in the E state. (C) Potential of mean force of dioxygen binding from 
QM/MM metadynamics simulations along  which is the distance from the center of mass of O2 
to Fe(II). (D) Representative conformation of the PHD2 active site at  = 1.7 Å, in which 
dioxygen is bound (state B). 
At the beginning of the ab initio trajectory, a transition from bidentate 2OG chelation to an 
intermediate  monodentate state was observed, consistent with the ABF calculation results 
described above. End-on binding of dioxygen to the so created open coordination site on the 
Fe(II) then occurs (as in Figure 3D) with the resulting potential of mean force shown in Figure 
3C. Dioxygen binding occurs at a tilt angle conformation (120, Figure 3D) with the closest 
oxygen atom 1.7 Å from Fe(III). Dioxygen binding requires overcoming a barrier to cross from 
the precursor state G to the bound state B of 11 kcal/mol. The energy difference between states G 
and B is  -7.35 kcal/mol. This value is considered to be an estimate of the binding affinity of 




binding to [Fe-Fe] centres in hydrogenases (-4.4 to -7.0 kcal/mol52 and -7.1 kcal/mol34) and 
hemerythrin (-5.2 kcal/mol)53 from DFT calculations.  
The absolute values obtained for the potential of mean force (Figure 3B, D) are very different for 
the ABF (GGE = 2.0 kcal/mol) and QM/MM metadynamics (GBG  -7.35 kcal/mol) methods, 
as are the maximum barrier heights (ABF, G‡ = 2.2 kcal/mol; QM/MM metadynamics, G‡ = 
11.0 kcal/mol). The origin of such differences can, at least in part, be ascribed to methodological 
and pathway differences. The E → G transition is diffusive in origin, and is a low-energy 
transition within the inner protein matrix, while the G → B transition involves the reaction of 
dioxygen onto the coordination sphere of Fe(II), which is a significantly more costly energetic 
process. Similar values have been reported for a G → B type barrier transition for O2 binding to 
[Fe-Fe] hydrogenases (12.9 kcal/mol) 34 and CO2 binding to a [NiFe3S4] cluster metallo-center 
(11.9 kcal/mol) in the carbon monoxide dehydrogenase/acetyl-CoA synthase (CODH/ACS) 
complex using DFT.54  
Values for the second-order rate constant (k+1) for the diffusion of dioxygen from the bulk 
solvent to the active site and the first-order rate constant for diffusion out of the protein active 
site (k−1) were estimated to be 1x10
2 s-1m M-1, and 6x106 s-1, respectively (Table 1). Using a 
transition state equation, an estimate for k+2 based on the QM/MM potential of mean force for 
dioxygen binding was calculated (Figure 3.C). A barrier of 11 kcal mol-1 results in k+2 = 5.9 x 10
4 
s-1. Based on these rate constants (k+1, k-1 and k+2) and using the steady-state approximation, the 
resultant on-rate constant kss
in is estimated to be 0.98 s-1m M-1. This rate constant spans the 
transitions of the entire dioxygen binding process, i.e., from S to E to G to B (Scheme 3).  
Table 1. Experimental and calculated phenomenological rate constants. k+1 and k-1 were 
calculated from classical potential calculations and k+2 was estimated from the QM/MM 
metadynamics potential of mean force. Combining k+1, k-1 and k+2 and using the steady-state 
approximation, the resultant on-rate constant kss
in was estimated. 
Rate constant Value 
k+1 (10
2 s-1 mM-1) 1 
k-1 (10
6 s-1) 6 
k+2 (10
4 s-1) 5.9 
kin
ss (s-1 mM-1) 0.98 
kin (s




The findings from SMD, ABF and QM/MM metadynamics are summarized in Table 2. Notable 
methodological differences exist between these approaches. Firstly, ABF and QM/MM 
metadynamics yields the potential of mean force along the collective variable , which is at odds 
with SMD. Secondly, the barrier height estimate from SMD simulations is obtained as a 
regression parameter from the fit of the MFPT data to the DHS expression; disparities between 
the ABF potential of mean force barrier and the SMD regression parameter barrier are 
observed.39, 57 Table 2 compares the raw output data from these simulations, together with 
transition state theory interpretations of the data, but is not intended to make direct comparisons 
of the data from the different simulation methods. The data from two transitions, E to G, and G 
to B are presented in Table 2. From SMD, for the E to G transition, unbiased transition times 
were in the range of 27-50 ns, and rapid (0.44-0.7 ns) reverse transition of dioxygen out of the 
protein (G to E) was observed. For the ABF simulation describing the reversible E to G 
transition, a rate estimate was calculated with transition state theory by inputting the barrier 
height free energy into Equation 3. Reconciling distinct values from different methodologies is 
not simple. TST estimates for the rate of the initial diffusive entry of dioxygen into PHD2 are of 
the order of 107 s-1 from SMD and 1010 s-1 from ABF trajectories. The B to G transition, sampled 
using QM/MM metadynamics, was estimated to be ~104 s-1. 
Table 2. Comparison of Mean First Path Time (MFPT τ0), rate constant (k), free-energy barrier 
(G‡) and free energy difference (G) between dioxygen when residing in states E or G obtained 
for SMD and ABF. The error for the MFPT estimates is reported as   for values of harmonic 
vs. linear polynomial fit.  






ABF - E⇆G 769  0 (TST) 13000  0(TST) 2.2  0.1 2.0  0.1 
SMD 
Harmonic 
½ E→G 50  1 20  9 7  6 2.5 
G→E 0.7  0.1 1429  535 2.4  4.0  
SMD Linear 
poly 
⅔ E→G 27   11 37  9 7  6 2.4 
G→E 0.4  0.1 2500  535 2.9  4.0  
QM/MM - G⇆B 16666  0 (TST) 0.06  0.00 (TST) 11  3 -7  3 
Characterization of the diffusion pathways of gases into proteins has attracted considerable 
attention due to the importance of gas transport in the functions of transport proteins and 
enzymes (e.g. hydrogenases or oxygenases), and the misfunction of such proteins in disease.16, 18, 




occur through hydrophobic protein channels, and their binding to the interior of proteins is 
sometimes rate-limited at the final transition into active sites, which often contain cofactors such 
as metal ions.26-27, 29-30  
There is evidence that in some circumstances, factors other than dioxygen availability can affect 
PHD activity and the roles of the PHDs in HIF-degradation, e.g. Fe(II) / 2OG / availability or 
the presence of regulatory proteins / inhibitors.5 However, there is a strong body of evidence 
supporting the assignment of their prime roles, at least in healthy circumstances,  as hypoxia 
sensors, in a manner relating to limitation of their cellular activity by dioxygen availability. 
Given the proposed central role of the PHDs in human hypoxic sensing, including from a 
medicinal chemistry perspective (PHD inhibitors have recently been approved for clinical use in 
treatment of anemia in kidney disease59), there is considerable interest in understanding, how 
dioxygen binds to them. The results of experimental dioxygen consumption assays with PHD2 
have estimated the thermodynamic binding constant of dioxygen in the range of 0.065-0.240 
mM,55 corresponding to 4.9 to 5.7 kcal mol-1, i.e. they are indicative of strong dioxygen binding. 
Strikingly, reported kinetic assays reveal dioxygen turnover to be unusually slow for PHD2,8 
with rate estimates ranging between 0.12 and 1.2 s-1mM-1. Coupled with their conserved ability 
to efficiently bind, and form a stable complex with, Fe(II) and 2OG,60 this property is proposed 
to be important in enabling the hypoxia sensing function of PHD2 and, by implication other 
PHDs, 55-56 which are likely present in all animals.61-62 
We employed a combined multiscale approach involving 1.8 s of classical MD simulation 
trajectories comprising equilibrium, non-equilibrium MD together with QM/MM metadynamics 
calculations to investigate dioxygen diffusion and binding to the active site in the 
PHD2.Fe(II).2OG.substrate complex and provide estimates for the rate constants that define the 
diffusion-reaction model for molecular oxygen binding. The results provide clear theoretical 
support for a slow turnover-rate for dioxygen by PHD2. Using a multistate formalism, an 
estimate for the steady-state rate kin (Scheme 1) was obtained based on probabilistic 
interpretation of equilibrium MD and biased MD simulations. Unbiased estimates were 
calculated for k+1 and k-1 using a phenomenological equation that unweighs the effect of 
dioxygen concentration from the estimates (Schemes 2, 3). The rate constant k+2 for the process 




calculations. Comparison of k+2 with k+1 suggests that k+1 is the rate-limiting step in the binding / 
reaction of dioxygen with PHD2 (Scheme 3). Notably, comparison of k+1 from MD simulation 
and k+2 from QM/MM metadynamics simulations shows that the rate of chemical interaction 
between dioxygen and the active site Fe (k+2 = 5.9x10
4 s−1) is about three orders of magnitude 
faster than the rate of diffusion of dioxygen to the active site (k+1 = 0.81x10
2 s-1mM-1). The 
overall on-rate binding constant (kin=0.49 s
−1mM−1) is about two orders of magnitude slower than 
diffusion. Thus, our results imply a PHD2 oxygen sensing mechanism consisting of a rate-
limiting diffusive entry followed by a faster ‘chemical binding’ step. By combining these 
individual rate processes, an expression for the overall  rate of dioxygen reaction with the 
PHD2.Fe.2OG.substrate  complex was derived; its value is in agreement with experimental 
estimates,8, 56 i.e. supports the proposal of the unusually slow reaction of the PHDs with 
dioxygen. 
Conclusions 
The overall results imply that the reversible binding of dioxygen is central to the hypoxia sensing 
capacity of PHD2. HIF- substrate prolyl hydroxylation, which signals for subsequent HIF- 
degradation, is thus, at last principally, a manifestation of the equilibrium between dioxygen in 
solution and that bound to the PHD2.Fe.2OG.substrate complex. The importance of reversible 
binding of the sensed dioxygen molecule to the PHDs suggests that heme63 and non heme based 
dioxygen / hypoxia sensing systems are perhaps more similar than might sometimes have been 
perceived. 
The results identify a slow rate of dioxygen entry involves diffusion through a single wide 
channel lined by hydrophobic residues. The dioxygen access channel is formed by elements from 
both the enzyme and the HIF- substrate (Figure 2). Given that there are three human PHDs and 
three HIF- isoforms, the results thus raise the possibility that different PHD HIF- substrate 
combinations might have different dioxygen sensitivity profiles; this is something that could be 
explored computationally in the future.  In this regard, it is notable that multiple non HIF- 
substrates for the PHDs have been reported.64 Although a recent report has not provided support 
for any of these acting as substrates for isolated PHDs,64 it is possible that some of the proteins 




transport to the active sites of the PHDs. It is also of interest to explore details of the binding of 
dioxygen to factor inhibiting HIF (FIH).65 FIH is a HIF- asparaginyl hydroxylase, the activity 
of which reduces the interaction between HIF and transcriptionally enhancing histone acetyl 
transferases.65 Notably, FIH is less sensitive than the PHDs to limiting dioxygen availability, as 
observed both in cells and in isolated form. 66-68 FIH also accepts multiple non HIF- substrates, 
mostly ankyrin repeat domain proteins, as shown by work from several groups.69-70 Interestingly, 
crystallographic studies reveal that, unlike PHD2, 2OG binds to FIH in a manner such that a 
vacant coordination site is adjacent to the substrate and that the FIH active site is apparently 
more open than that of the PHDs,71 properties that are consistent with the apparently more 
efficient binding of dioxygen to FIH compared to the PHDs.72 
The results set the stage for a dissection of the full PHD2 reaction that should provide new 
insight into the mechanism of dioxygen activation by the 2OG-dependent dioxygenases. In this 
regard, the change in bidentate to monodentate coordination by 2OG that enables dioxygen 
reaction with the Fe is particularly intriguing. Although further work is required to define the full 
mechanism of PHD2, this observation suggests that dioxygen can bind without displacement of 
the apparently tightly bound water from the Fe.  Alternative mechanisms to enable dioxygen 
binding in the coordination site adjacent to the substrate are possible, e.g. movement of the 2OG 
C-1 carboxylate to the position occupied by the ligating water in the PHD2.Fe(II).2OG.substrate 
complex, or rearrangement of an intermediate (ferryl flip50); it is also near certain that there is 
mechanistic variation between different 2OG oxygenases. There is also precedent for dioxygen 
binding to a water ligated Fe(II) in catalysis by isopencillin N synthase, which does not employ 
2OG but which is closely related to the 2OG oxygenases from a structural / mechanistic 
perspective.73-74 The maintenance of an Fe-ligated water during dioxygen reaction provides a 
route for exchange of oxygen from dioxygen with that from water during hydroxylation, as 
evidenced by less than stoichiometric incorporation of 18O label from 18O2 in some cases. This 
occurs with some, but not all, 2OG oxygenases; by contrast there is consistently high level of 
incorporation of one 18O label from 18O2 not succinate.
75 
Fe(II)  and 2OG-dependent oxygenases and structurally / mechanistically related enzymes form a 
large superfamily that catalyzes a very range of reactions, including hydroxylations, 




In humans, our 60-70 2OG oxygenases have roles in collagen biosynthesis, epidermal growth 
factor domain like protein hydroxylation, fatty acid metabolism, DNA and RNA repair / 
modification, demethylation related to epigenetic regulation, modification / regulation of the 
translation machinery, and hypoxia sensing.51 Strikingly, despite the variations in substrate and 
subfamily type of 2OG oxygenase employed in biology, the rate of reaction of the 
PHD2:Fe(II):2OG:HIF- complex with dioxygen is much slower than for most, if not all, other 
human 2OG oxygenases that have been studied. However, in some cases, e.g. microbial 
antibiotic biosynthesis, 2OG oxygenases operate in a very efficient manner, at least within cells, 
if not always in isolated form. Understanding the molecular factors governing dioxygen transport 
may be useful in understanding these differences. Our identification of a clearly defined path for 
dioxygen binding to the PHD2 active site, raises the question as to whether this is always the 
case. Linked with this is the question of whether consequently arising distinct kinetic properties 
with respect to the sensed element are a hallmark of enzyme sensors.  It will be important to 
investigate this question within the context of comparing the properties of very efficient family 
members, e.g. the oxygenases of penicillin and cephalosporin biosynthesis, with (potential) 
sensing enzymes, including other 2OG dependent protein/ nucleic acid oxygenases.  
Studies on dioxygen binding to PHD homologues in early animals and microbes are also of 
interest, since these do not have as far as is known HIF- homologue substrates. In the case of 
the social amoeba, Dictyostelium discoideum, and the protozoan parasite, Toxoplasma gondii, 
PHD homologues are proposed to act as a hypoxia sensors via dioxygen limited prolyl 
hydroxylation of the S-Phase Kinase Associated Protein 1 (Skp) protein so regulating 
transcription.77 In Pseudomonas spp., a PHD homologue (PPHD) catalyzes the hydroxylation of 
elongation factor thermally unstable (EF-Tu), a key element of the translational machinery in 
bacteria. Interestingly, unlike the HIF-ODDs which are largely unstructured in solution, EF-Tu 
is a well-ordered protein, that undergoes a very substantial conformational change during 
induced fit binding to PPHD to give a stable complex.78Investigating the details of dioxygen 
binding to sensing and non-sensing oxygenases in organisms from environments with different 
oxygen availabilities, may provide general molecular insight into the evolution of aerobic 




From a practical perspective, the results on dioxygen binging to oxygenases are of interest with 
respect to optimizing the use of 2OG oxygenases as biocatalysts and in identifying more subtle 
and selective inhibitors of them than are presently available. PHD inhibitors for the treatment of 
anemia in chronic kidney disease have recently been approved for clinical use.59 However, these 
compounds block activity by complexing with active site Fe(II) and competing with 2OG.59 The 
results presented here suggest that identifying compounds that modulate dioxygen by binding to 
one or more the PHD.Fe.2OG.substrate complexes should be possible. Such inhibitors should be 
safer because they will not completely block PHD activity, so reducing the chance of overdose. 
There is also the possibility of PHD / HIF- isoform substrate selective inhibition by this 
approach via compound binding to a specific PHD / HIF- combinations. 
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